r Age-related changes in cutaneous microvascular and cardiac functions limit the extent of cutaneous vasodilatation and the increase in cardiac output that healthy older adults can achieve during passive heat stress.
Introduction
Passive heat stress elicits substantial cardiovascular adjustments in humans. In young adults, cardiac output can reach values in excess of 12 L min −1 (Rowell, 1974) . Such high values are driven by an increase in heart rate and an augmentation of cardiac function that allows stroke volume to be maintained (or slightly increase) despite reductions in cardiac filling pressures (Crandall & Wilson, 2015) . Combined with blood redistribution from the splanchnic and renal vascular beds, such increases in cardiac output allow skin blood flow to reach maximal levels of 7-8 L min −1 (Rowell, 1974) . The capacity for skin blood flow (Minson et al. 1998) and cardiac output (Minson et al. 1998; Greaney et al. 2015; Gagnon et al. 2016) to increase during passive heating is markedly attenuated in older adults. Reduced skin blood flow in older adults has been ascribed to changes in cutaneous microvascular structure and function that limit the extent of vasodilatation that can be achieved during heat stress (Kenney & Munce, 2003; Holowatz & Kenney, 2010) . In contrast, attenuated increases in cardiac output have been ascribed to changes in cardiac structure and function that accompany healthy, but sedentary, ageing (Gagnon et al. 2016) . However, it is unclear if age-related changes in microvascular and cardiac structure/function maximally restrain the levels of cutaneous vasodilatation and/or cardiac output that healthy older adults can achieve during heat stress. In young adults, restoring central blood volume (via rapid saline infusion) during passive heating results in: (i) further cutaneous vasodilatation, presumably due to cardiopulmonary baroreceptor loading (Crandall et al. 1999; Schlader et al. 2015) , and; (ii) a further increase in cardiac output due to the left-and upward shift of the Frank-Starling relation that accompanies heat stress (Bundgaard-Nielsen et al. 2010) . If age-related changes in microvascular and cardiac structure/function maximally limit cutaneous vasodilatation and cardiac output during heat stress, one might expect that rapid volume loading would not affect these variables in healthy older adults.
In addition to structural and functional limitations to cutaneous vasodilatation, healthy older adults also exhibit a blunted responsiveness of the cutaneous vasculature to baroreceptor unloading (Scremin & Kenney, 2004) . As such, rapid volume loading may not elicit further cutaneous vasodilatation in healthy older adults due to: structural/functional limitations of the microvasculature that would limit the transduction of the vasodilator signal and/or a reduced responsiveness of the cutaneous vasculature to changes in baroreceptor loading status.
In contrast, we demonstrated that the Frank-Starling relation shifts left-and upwards during passive heating in healthy older adults (Gagnon et al. 2016) . This observation suggests that cardiac output should increase further in healthy older adults when cardiac pre-load is increased. Therefore, the purpose of this study was twofold. First, we determined if the cutaneous vasculature of healthy older adults can dilate further despite well-established structural and functional limitations to vasodilatation. Second, we determined if cardiac output can be augmented during passive heating in healthy older adults when cardiac pre-load is increased. We hypothesized that rapid volume loading during heat stress would augment cardiac output, without changing cutaneous vasodilatation, in healthy older adults.
Methods

Participants
The data presented in this manuscript were collected from twelve young (26 ± 5 years, 6 males, 6 females) and ten older (69 ± 4 years, 3 males, 7 females) adults during an experimental protocol examining Frank-Starling relations during passive heat stress, the results of which have been published previously (Gagnon et al. 2016) . All participants were non-smokers, free of known cardiovascular, respiratory, neurological or metabolic diseases and none were taking prescription medications for the treatment of such diseases. Participants volunteered for one study visit that was performed at the same time of day. Participants were asked to refrain from strenuous physical activity for 24 h, as well as from caffeine and alcohol for 12 h prior to the study visit. The study and informed consent documents were approved by Institutional Review Boards at the University of Texas Southwestern Medical Centre and at Texas Health Presbyterian Hospital Dallas. Written informed consent was provided by all participants prior to their participation in the study.
Measurements
Urine specific gravity was measured in duplicate from a urine sample provided by the participants upon arrival at the laboratory using a handheld refractometer (PAL-10S, Atago Inc.). A 6F balloon-tipped fluid-filled catheter (Swan-Ganz, Edwards Life Sciences) was placed under fluoroscopic guidance through an antecubital vein into a branch of the pulmonary artery. The catheter allowed for the measurement of cardiac pressures, cardiac output by thermodilution and pulmonary artery blood temperature. Cardiac pressures were referenced to atmospheric pressure with a pressure transducer (Transpac IV, ICU Medical) zeroed at 5 cm below the sternal angle. Pulmonary capillary wedge pressure was determined at end-expiration, after inflating the catheter balloon to obtain a successful wedge (determined visually). Cardiac output was measured by thermodilution (Tran 451N, GE Healthcare) upon injection of 10 ml ice-cooled saline. A minimum of two measurements were averaged at each time point. Heart rate was obtained from an electrocardiogram that was interfaced with a cardiotachometer (CWE Inc.). Cardiac pressures, pulmonary artery blood temperature and the electrocardiogram were displayed continuously on a patient monitor (Solar 8000i, GE Healthcare). Blood pressure was measured by automated auscultation of the brachial artery (Tango+, SunTech Medical). Pulmonary artery blood temperature was used as a measure of core temperature. Mean skin temperature was measured as a weighted average of six thermocouples attached to the skin surface (Taylor et al. 1989) . To manipulate core and mean skin temperatures, participants wore a tube-lined suit (Med-Eng) that covered the entire body except for the head, hands, feet and both forearms. Local sweat rate was measured on the dorsal side of the forearm by passing anhydrous compressed nitrogen through a plastic capsule at a flow rate of 0.3 L min −1 . Water content of the effluent air was measured using a capacitance hygrometer (HMT330, Vaisala). Local skin blood flow was estimated from the dorsal side of the forearm using an integrated laser-Doppler flow probe (Moor Instruments Inc.). The temperature of the disc holding the laser-Doppler flow probe was set at 34°C. Forearm blood flow was measured by venous occlusion plethysmography (Whitney, 1953) on the opposite arm from which local sweat rate and skin blood flow were measured. Cuffs were placed around the wrist and upper arm, and an indium/gallium-in-rubber strain gauge was placed around the widest part of the forearm. The wrist cuff was inflated to a pressure of 250 mmHg to occlude blood circulation to the hand, while the cuff around the upper arm was inflated (50 mmHg) and deflated in cycles of 15 s. A total of 6 cycles was performed for each measurement.
Protocol
After right heart catheterization, participants assumed the supine position on a patient bed with their lower body sealed at the waist within a custom-made lower body negative pressure (LBNP) device. For normothermic measurements, water maintained at 34°C circulated through the tube-lined suit. Baseline normothermic measurements were obtained after a minimum of 10 min of quiet rest. Thereafter, negative pressures of 15 mmHg (5 ± 1 min) and 30 mmHg (6 ± 2 min) were applied within the LBNP device to address the primary aim of our previously published study (Gagnon et al. 2016) . After the LBNP period, baseline normothermic measurements were repeated after a 10 min recovery period. The temperature of the water circulating through the tube-lined suit was then set and maintained at 50°C to increase mean skin and core temperatures. Measurements were obtained at an increase in core temperature of 0.6, 1.2 and 1.5°C, following which 15 mmHg (4 ± 1 min) and 30 mmHg (4 ± 1 min) of negative pressure were once again applied within the LBNP device. Upon removal of LBNP, hyperthermic measurements were repeated after 10 min of recovery. Whole-body passive heating was maintained throughout the hyperthermic LBNP and recovery periods. Saline (15 mL kg −1 ), warmed to core temperature, was subsequently infused rapidly (150-200 ml min −1 ) through a separate intravenous catheter. This rapid volume loading protocol previously augmented cutaneous vasodilatation by ß15-20% in heat stressed young adults (Crandall et al. 1999; Schlader et al. 2015) . Data collection began immediately after the saline was infused. The temperature of the water perfusing the tube-lined suit was subsequently reduced to cool the subject.
Data analysis
Data were collected with acquisition hardware (MP150, Biopac) at a sampling frequency of 50 Hz. Stroke volume was calculated as: cardiac output ÷ heart rate. Mean arterial pressure was calculated as: diastolic blood pressure + 1/3 pulse pressure. Systemic vascular resistance was calculated as: (mean arterial pressure -right atrial pressure) ÷ cardiac output. Local sweat rate was calculated as: effluent water content × nitrogen flow rate ÷ area under the capsule. Cutaneous vascular conductance was calculated as: perfusion units ÷ mean arterial pressure. Forearm vascular conductance was calculated as: forearm blood flow ÷ mean arterial pressure.
Statistical analysis
Data from the heating and rapid volume loading periods were analysed separately using two-way mixed model analyses of variance (ANOVA). During the heating period, the ANOVA model included the non-repeated factor of age (young and older) and the repeated factor of change in core temperature (baseline, 0.6°C, 1.2°C, 1.5°C). During rapid volume loading, the ANOVA model included the non-repeated factor of age (young and older) and the repeated factor of time (pre-and post-infusion). Statistical significance was set at an alpha of P < 0.05 and post hoc comparisons were performed using a Holm-Sidak correction. Participant characteristics were compared using independent samples t tests. Statistical analyses were performed using commercially available J Physiol 595.20 statistical software (Prism 7.01, Graphpad Software Inc.). All variables are reported as means ± 95% confidence intervals, except for participant characteristics which are presented as means ± standard deviation.
Results
Participant characteristics
Height (young: 165 ± 6 vs. older: 165 ± 8 cm, P = 0.80), body mass (young: 64 ± 10 vs. older: 68 ± 8 kg, P = 0.31) and resting heart rate (young: 65 ± 9 vs. older: 68 ± 8 beats min −1 , P = 0.56) were similar between groups. Older adults had greater resting systolic (young: 116 ± 11 vs. older: 131 ± 8 mmHg, P < 0.01) and diastolic (young: 69 ± 7 vs. older: 77 ± 7 mmHg, P = 0.01) blood pressures. Baseline urine specific gravity was similar between groups (young: 1.016 ± 0.007 vs. older: 1.017 ± 0.006, P = 0.70).
Whole-body passive heat stress
The heating period lasted 71 ± 6 min and 78 ± 6 min for young and older adults, respectively (P = 0.20). Mean skin (P = 0.80) and core (P = 0.82) temperatures increased similarly between groups (Fig. 1) . As reported previously (Gagnon et al. 2016) , the increase in cardiac output during heating was attenuated in older adults (P < 0.01, Fig. 2 ). This was paralleled by an attenuated increase in heart rate (P < 0.01, Fig. 2 ), as changes in stroke volume were similar between groups (P = 0.13, Fig. 2 ). However, there was a main effect of age on stroke volume (P = 0.02), as values were greater in young adults throughout the protocol. Mean arterial pressure (P = 0.16, Fig. 3 ) and systemic vascular resistance (P = 0.56, Fig. 3 ) changed similarly between groups during the heating period. In contrast, a greater reduction in pulmonary capillary wedge pressure (P = 0.02, Fig. 4 ) and right atrial pressure (P < 0.01, Fig. 4 ) was observed in young adults. Skin blood flow (P < 0.01), cutaneous vascular conductance (P < 0.01, Fig. 5 ), forearm blood flow (P < 0.01), forearm vascular conductance (P < 0.01, Fig. 5 ), and local sweat rate (P < 0.01, Fig. 6 ) were all lower in older adults during heat stress.
Hyperthermic rapid volume loading
A total of 958 ± 145 ml and 1016 ± 125 ml of saline was infused in young and older adults, respectively (P = 0.33). Infusion time was similar between groups (young: 349 ± 71 vs. older: 395 ± 93 s, P = 0.20). Mean skin temperature did not increase during rapid volume loading (P = 0.15) and was similar between groups (P = 0.71, Fig. 1 ). Core temperature increased ß0.1°C during volume loading (P < 0.01, Fig. 1 ) in both groups (P = 0.50). Cardiac output (P < 0.01, Fig. 2 ) and stroke volume (P < 0.01, Fig. 2 ) increased with volume loading in both groups. The absolute (young: 1.8 ± 0.7 vs. older: 1.9 ± 0.3 L min −1 , P = 0.80) increase in cardiac output was similar between groups, whereas the relative increase was greater in older adults (young: 19 ± 7 vs. older: 29 ± 5%, P = 0.05). Heart rate increased in older (P < 0.01), but not young (P = 0.34) adults (Fig. 2) . A different pattern of response for mean arterial pressure was observed between groups (P = 0.02, Fig. 3) , although values were not statistically different from pre-infusion values in both groups (both P = 0.12). Systemic vascular resistance decreased (Fig. 3) , whereas right atrial and pulmonary capillary wedge pressures increased (Fig. 4) Data are presented as a function of change in core temperature ( T core ) during whole-body heating with a water-perfused suit, as well as before (Pre-Inf) and after (Inf) rapid saline infusion with sustained heating. * P < 0.05 between groups at the indicated time point. † P < 0.05 between infusion and pre-infusion for both groups. Data are presented as a function of change in core temperature ( T core ) during passive heating, as well as before (Pre-Inf) and after (Inf) rapid saline infusion with sustained heating. * P < 0.05 between groups at the indicated time point. * * P < 0.05 for the age × core temperature interaction. † P < 0.05 between infusion and pre-infusion for both groups. ‡ P < 0.05 between infusion and pre-infusion for older adults only.
(all P < 0.01). Rapid volume loading increased skin blood flow, cutaneous vascular conductance, forearm blood flow, and forearm vascular conductance in both groups (all P < 0.01, Fig. 5 ). The absolute (young: 0.29 ± 0.16 vs. older: 0.28 ± 0.10 units mmHg −1 , P = 0.87) and relative (young: 15 ± 7 vs. older: 21 ± 6%, P = 0.22) increase in cutaneous vascular conductance was similar between groups. For forearm vascular conductance, a greater absolute increase was observed in young adults (young: 0.048 ± 0.013 vs. older: 0.015 ± 0.007 mL (100 mL min −1 mmHg −1 ) −1 , P < 0.01) whereas relative changes were similar between groups (young: 29 ± 9 vs. older: 18 ± 9%, P = 0.08). Local sweat rate was unaffected by volume loading in young or older adults (P = 0.06, Fig. 6 ).
Discussion
The main finding of this study is that rapid volume loading performed during passive heating leads to further cutaneous vasodilatation and augments cardiac output in healthy older adults. These findings demonstrate that, during passive heat stress: (i) the cutaneous microvasculature of healthy older adults retains the ability to dilate further, despite structural/functional limitations to cutaneous vasodilatation, and; (ii) healthy older adults can attain greater levels of cardiac output when cardiac pre-load is increased. Overall, these findings suggest that age-related changes in cutaneous microvascular and cardiac structure/function do not maximally restrain the levels of cutaneous vasodilatation and cardiac output that healthy older humans can achieve during passive heat stress.
Age-related changes in cutaneous microvascular structure (Rooke et al. 1994; Martin et al. 1995) and function (Holowatz et al. 2006a, b; Holowatz & Kenney, 2007) limit the extent of cutaneous vasodilatation that older adults achieve during heat stress. In particular, impaired cutaneous microvascular function appears to play a predominant role, as augmenting nitric oxide availability in older adults eliminates age-related differences in cutaneous vasodilatation during heat stress (Stanhewicz et al. 2012 Greaney et al. 2015) . Consistent with these previous studies, cutaneous vascular conductance and forearm vascular conductance were markedly attenuated in older adults during passive heating (Fig. 5 ). Until the current study, however, it remained unclear if healthy aged skin retains the ability to dilate further despite structural/functional limitations to cutaneous vasodilatation. In young adults, rapid (Crandall et al. 1999; Schlader et al. 2015) and continuous (Lucas et al. 2013 ) saline infusion augments cutaneous vasodilatation during passive heat stress. One explanation for these findings is that cardiopulmonary baroreceptor unloading, which accompanies reductions in central D. Gagnon and others J Physiol 595.20 blood volume during heat stress (Crandall et al. 2008) , limits the extent to which the cutaneous vasculature dilates. In contrast to our hypothesis, we observed that rapid volume loading also results in further cutaneous vasodilatation in healthy older adults. This observation suggests that changes in microvascular structure/function associated with healthy ageing do not maximally restrain cutaneous vasodilatation during heat stress. Furthermore, the relative increase in cutaneous and forearm vascular conductance during rapid volume loading was similar between young and older adults. This suggests that the responsiveness of the cutaneous vasculature to cardiopulmonary baroreceptor loading is maintained in healthy older adults. This is contrast to a reduced responsiveness of the cutaneous vasculature to baroreceptor unloading, as Scremin & Kenney (2004) observed less of a decrease in forearm vascular conductance in older, relative to young, adults during low levels of LBNP (−10, −20, and −30 mmHg).
It is also well-established that the increase in cardiac output of healthy older adults during passive heating is approximately half that observed in young adults (Minson et al. 1998; Greaney et al. 2015 Greaney et al. , 2016 . In the seminal study by Minson et al. (1998) , the attenuated increase in cardiac output of healthy older adults was entirely explained by a progressive decrease in stroke volume during the Data are presented as a function of change in core temperature ( T core ) during passive heating, as well as before (Pre-Inf) and after (Inf) rapid saline infusion with sustained heating. * * P < 0.05 for the age × core temperature interaction. † P < 0.05 between infusion and pre-infusion for both groups.
heating period. In contrast, stroke volume was maintained in a group of young adults. Since these age-related differences occurred despite similar reductions in central venous pressure between groups, it was hypothesized that compromised cardiac function limits the increase in cardiac output that healthy older adults can achieve during heat stress. However, more recent observations argue against this possibility. First, echocardiographic indices of cardiac systolic and diastolic functions are enhanced during passive heating in healthy older adults, to an extent similar to young adults . Second, heat stress elicits a left-and upward shift of the Frank-Starling relation in healthy young and older adults (Gagnon et al. 2016) . These more recent observations suggest that primary ageing does not compromise the augmentation of cardiac function that accompanies heat stress, and also explain the increase in cardiac output that was observed with rapid volume loading in healthy older adults. A left-and upward shift of the Frank-Starling relation during heat stress not only allows for stroke volume to be maintained when cardiac filling pressures are reduced (Wilson et al. 2009; Gagnon et al. 2016) , but also allows for a greater stroke volume when cardiac pre-load is increased (Bundgaard-Nielsen et al. 2010) . Overall, the current study demonstrates that healthy older adults can achieve greater cardiac output during passive heating if cardiac pre-load is increased. Since healthy ageing is associated with less cutaneous vasodilatation and an attenuated increase in cardiac output during passive heating, it has been suggested that both are related (Minson et al. 1998) . In other words, does attenuated cutaneous vasodilatation result in less of a 'need' for cardiac output to increase during passive heating in older adults, or does an attenuated increase in cardiac output limit the extent of cutaneous vasodilatation that is achieved? Recently, Greaney et al. (2015) approached this question by examining if the attenuated increase in cardiac output of older adults is related to less cutaneous vasodilatation. To do so, an acute dose of oral sapropterin (pharmaceutical nitric oxide cofactor) was used to restore cutaneous vasodilatation in older adults to the levels seen in young adults. Despite greater cutaneous vasodilatation, no further increase in cardiac output was observed relative to a placebo condition. It was concluded that the blunted increase in cardiac output of older adults during passive heating is not related to less cutaneous vasodilatation (Greaney et al. 2015) . However, oral sapropterin also potentiates cutaneous vasoconstriction in older adults (Stanhewicz et al. 2013) . Assuming this also occurs in non-cutaneous vascular beds, greater cutaneous vasodilatation with oral sapropterin may have been balanced by further vasoconstriction of non-cutaneous vascular beds; thereby eliminating the need for cardiac output to increase. Such a compensatory response would mask any ability of cardiac output to increase and accommodate greater cutaneous vasodilatation during heat stress in healthy older adults.
In the current study, rapid volume loading increased cardiac output and resulted in greater cutaneous and forearm vascular conductance in both young and older adults. Given these observations, it is tempting to suggest that cardiac output is capable of further increasing to accommodate greater cutaneous vasodilatation in healthy older adults. However, we cannot confidently determine that cutaneous vasodilatation preceded the increase in cardiac output. Alternatively, it may be argued that the increase in cardiac output allowed for greater cutaneous vasodilatation. However, a direct physiological Data are presented as a function of change in core temperature ( T core ) during passive heating, as well as before (Pre-Inf) and after (Inf) rapid saline infusion with sustained heating. * P < 0.05 between groups at the indicated time point. † P < 0.05 between infusion and pre-infusion for both groups. J Physiol 595.20 link between cardiac output and cutaneous vasodilatation is not readily apparent. One possibility is that the increase in stroke volume that accompanies rapid saline infusion loads arterial baroreceptors; although there is little evidence supporting a modulation of cutaneous vasodilatation by arterial baroreceptors (Wallin et al. 1975; Crandall et al. 1996; Wilson et al. 2001; Cui et al. 2004) . Regardless, greater cutaneous vasodilatation and increased cardiac output during rapid volume loading can be explained by independent physiological mechanisms: cardiopulmonary baroreceptor loading for cutaneous vasodilatation and a shift of the Frank-Starling relation for cardiac output. Compensatory responses, such as in the study by Greaney et al. (2015) , and/or independent physiological mechanisms, such as in the current study, highlight the complexity of determining if reduced cardiac output contributes to, or is the result of, less cutaneous vasodilatation during passive heating in healthy older adults.
Considerations
The precise physiological mechanism(s) by which rapid volume loading leads to greater cutaneous vasodilatation remains to be determined. It is possible that cardiopulmonary baroreceptor loading allows for greater skin sympathetic cholinergic nerve activity and thus greater cutaneous vasodilatation. However, this possibility may be difficult to evaluate due to the nature of the integrated skin sympathetic nerve activity signal which is primarily associated with sudomotor activity (Sugenoya et al. 1998) . Since sweat rate was unaffected by volume loading in both groups, greater skin sympathetic cholinergic nerve activity directed towards cutaneous blood vessels may be masked by high background activity being directed to the sweat glands. It should also be considered that core temperature increased ß0.1°C during rapid volume loading. If this increase in core temperature was responsible for the greater cutaneous vasodilatation observed during rapid volume loading, one might expect further increases in sweat rate as well -which was not the case. Furthermore, rapid volume loading caused a similar increase in cutaneous vasodilatation (ß15-20%) as reported in previous studies which employed the same protocol but did not observe a further increase in core temperature (Crandall et al. 1999; Schlader et al. 2015) . It is therefore unlikely that greater cutaneous vasodilatation during rapid volume loading was due to an increase in core temperature. Lastly, the current results pertain to healthy older adults and therefore cannot be generalized to older adults with disease and/or risk factors for disease.
Perspectives
Altered cardiovascular adjustments to heat exposure are considered an important factor underlying the disproportionate contribution of older adults to heat-related morbidity and mortality (Kenney et al. 2014) .
Although it is now well-established that primary ageing is associated with less cutaneous vasodilatation and an attenuated increase in cardiac output during passive heating, it remains unclear how such responses translate into a greater incidence of heat-related morbidity and mortality. In fact, the current study shows that age-related changes in cutaneous microvascular and cardiac structure/function do not maximally restrain the levels of cutaneous vasodilatation and cardiac output that healthy older adults can achieve during passive heating. Future studies are needed to further examine how conditions which compromise cardiac function, such as heart failure (Cui et al. 2005 (Cui et al. , 2013 (Cui et al. , 2017 Green et al. 2006; Balmain et al. 2016) , alter the cardiovascular adjustments to heat stress. It is often these patient populations that are at the greatest risk of morbidity and mortality during heat waves (Semenza et al. 1996; Semenza et al. 1999) .
Conclusion
This study examined if healthy older adults can achieve greater levels of cutaneous vasodilatation and cardiac output during passive heat stress. The main finding is that rapid volume loading, performed during passive heating, caused further cutaneous vasodilatation and augmented cardiac output in healthy older adults. This finding demonstrates that age-related changes in cutaneous microvascular and cardiac structure/function do not maximally restrain the levels of cutaneous vasodilatation and cardiac output that healthy older adults can achieve during passive heating.
